alternative splice-derived p47 product is able to control identified human p53 isoforms lack transcriptional acp53 ubiquitination, cell localization, and activity, but tivity. However, we provide evidence for the existence does not display transcriptional activity. of an alternatively spliced p53 isoform (⌬p53) that exWe now show that alternative splicing of p53 genererts its transcriptional activity independent from p53.
( Figure 1B) . In rodent cells, ⌬p53 is not generated most In order to confirm that the observed truncated protein band is identical with the 984 bp alternative p53-likely because the sequence CACTGGA in the donorand/or the acceptor-site-like splice cassette is not presplice product, ⌬p53 and p53 were immunoprecipitated from nuclear extracts ( Figure S1B ) and subjected to sent (see Figure S1A in the Supplemental Data available with this article online).
MALDI-TOF mass spectrometry. The tryptic fragments were identified by peptide mass fingerprinting using Immunoblot was performed to investigate whether ⌬p53 is detectable at the protein level, using a set of database-matching procedures. The peptide, which contains residues 257-322, was not detected in ⌬p53 monoclonal anti-p53 antibodies directed against epitopes that are retained or deleted in ⌬p53. The set inby MALDI-TOF/MS ( Figure S1C ). The amino acid sequence of p53 and the corresponding tryptic map ascluded the anti-p53 antibodies DO1 (N terminus, aa 21-25), ICA9 (C terminus, aa 388-393), DO12 (core domain, sembled after MALDI-TOF/MS showed that the peptides of total p53 and ⌬p53 tryptic digests covered 98% aa 256-270), and HO7.1 (core domain: aa 291-300). Both p53 forms were detected with the N-and C-terand 88% of the p53 sequence, respectively ( Figure 1D ). Alignment of the amino acid sequences of human p53 minal specific antibodies in γ-or UV-irradiated wtp53 and mutp53 primate cells, whereas the core domainand ⌬p53 shows the position of the missing 66 residues and localization of the anti-p53 antibody epitopes that specific antibodies DO12 and HO7.1 detected only fulllength (fl) p53, but not ⌬p53 ( Figure 1C , data not shown are retained or deleted in ⌬p53 ( Figure S1D ). Since the tetramerization domain (residues 325-356) for UV and HO7.1). Thus, immunoblot analysis using epitope-specific monoclonal anti-p53 antibodies proved is preserved in ⌬p53, we investigated whether the p53 isoform has the ability to oligomerize. Complex formathat the faster migrating form of p53 is not the product of proteolytic degradation.
tion of ⌬p53 with p53 was evaluated by IP-Western using anti-fl p53 antibody DO12 to precipitate only p53. and PIG3 promoters to induced wtp53 or wt⌬p53 expression in γ-irradiated TO-H1299 cell lines was first inImmunoblot analysis of DO12-precipitated p53 confirmed that ⌬p53 was not coprecipitated and, therefore, vestigated by Western blot. As expected, wtp53 transactivated all of the investigated endogenous promoters does not hetero-oligomerize with wtp53 or mutp53 (Figure 1E) . Additionally, the fact that ⌬p53 does not in-( Figure 2A , lane 2), whereas induction of those promoters was not seen in TO-H1299-mutp53, -mut⌬p53 and teract with p53 was confirmed by GST pull-down assay using purified baculovirus expressed recombinant GSTnull cells (Figure 2A , lanes 6, 8, and 10). However, expression of wt⌬p53 resulted in upregulation of endogetagged and untagged ⌬p53 and p53 ( Figures S2A and  S2B) . Moreover, the oligomeric state of ⌬p53 was exnous p21 and 14-3-3σ, but not mdm2, bax, and pig3 ( Figure 2A , lane 4). amined with purified baculovirus-expressed recombinant human ⌬p53. Data show that ⌬p53 forms homodiPromoter binding studies further assessed the effect of wt⌬p53 on p53-dependent promoter activation. Chromers and -tetramers ( Figure S2C ), suggesting that ⌬p53 may exert a function independent from p53. matin immunoprecipitation (ChIP)-PCR was used for the investigation, since regulation of transcription from a chromosomal DNA template can differ from that of a ⌬p53 Displays Differential Transcriptional Activity Per Se transiently transfected template (Alberts et al., 1998). Dox-induced TO-H1299-wtp53, -wt⌬p53, and null cells We first tested in p53 null H1299 cells that stably express human wt/mutp53, wt/mut⌬p53, or empty vector were irradiated, and crosslinked ⌬p53/p53-DNA complexes precipitated with epitope-specific anti-p53 anti-(null) in the presence of Dox (Figure 2A , top) whether ⌬p53 is transcriptionally active. The transcriptional rebodies DO1, ICA9, and DO12; anti-T-antigen antibody PAb101 served as negative control. The immunopresponse of the endogenous p21, 14-3-3s, mdm2, bax, cipitates were analyzed with polyclonal anti-p53 antianti-Flag M2 ( Figure 3C , top), anti-fl p53 DO12 (middle), and anti-p53 DO1 (bottom) antibodies showed that body SAPU by Western blot. As expected, anti-p53 antibodies DO1 and ICA9 precipitated p53 and ⌬p53, Flag-wtp53 and -mutp53 interacted with endogenous wtp53, but not with endogenous wt⌬p53 ( Figure 3C , whereas DO12 recognized only p53 ( Figure 2B ). Association of p53 and ⌬p53 with p21, 14-3-3s, mdm2, bax, lanes 1 and 2); precipitated Flag-wt⌬p53 and -mut⌬p53 oligomerized with endogenous wt⌬p53, but not with and PIG3 promoter DNA was determined by PCR amplification. Results show that in irradiated TO-H1299-endogenous wtp53 ( Figure 3C, lanes 3 and 4) . As expected, anti-fl p53 antibody DO12 did not recognize wtp53 cells, endogenous p21, 14-3-3s, mdm2, bax, and PIG3 promoter DNA was recovered from DO1-, ICA9-Flag-wt⌬p53, -mut⌬p53, or endogenous wt⌬p53 (Figure 3C, middle, lanes 3 and 4) . ChIP-PCR demonstrated and DO12-precipitated p53 ( Figure 2C, panel 1 ). In contrast, ChIP-PCR performed with TO-H1299-wt⌬p53 that ectopic Flag-mutp53 abrogated p21 promoter binding of endogenous wtp53 ( Figure 3D, panel 1) , whereas cells demonstrated that p21 and 14-3-3s, but not mdm2, bax, and PIG3 promoter DNA was retrieved from DO1-Flag-mut⌬p53 prevented promoter binding of endogenous wt⌬p53 ( Figure 3D , panel 2). and ICA9-precipitated ⌬p53 ( Figure 2C, panel 2) . As expected, ⌬p53/p53-associated promoter DNA was not
The inducible wtp53 TO-CV-1-Flag cell system was used to confirm that p21 promoter association of p53 detected in TO-H1299-mutp53, -mut⌬p53, and null cells ( Figure 2C, panels 3-5) . Additionally, RT-PCR amplificaand ⌬p53 is cell cycle specific. Following UV irradiation in G1, early S, and G2, crosslinked Flag-⌬p53/p53-DNA tion demonstrated that induction of endogenous p21, 14-3-3s, mdm2, bax, and PIG3 mRNA was only seen in complexes were precipitated with anti-Flag antibody M2. Anti-fl p53 antibody DO12 and anti-T-Ag antibody TO-H1299-wtp53 cells, whereas in wt⌬p53 expressing cells, the mRNA level of p21 and 14-3-3σ, but not of PAb101 were used for the control experiments. Results show that in Flag-wtp53-expressing cells, p21 promdm2, bax, and PIG3 was increased ( Figure S2D) tained p21 promoter DNA, whereas p21 promoter DNA It was proposed that a cell cycle-specific regulatory was recovered from G1 and G2 only with anti-fl p53 mechanism prevents transcriptional activation of p53 in antibody DO12 ( Figure 3D, panel 4) . Thus, data confirm damaged S phase cells to avoid premature activation that p21 promoter binding of ⌬p53 is S phase specific, of the p53 apoptotic pathway (Gottifredi et al., 2001) . whereas p53 binds the p21 promoter exclusively in G1 Since ⌬p53 does not transactivate apoptosis-promotand G2. ing genes, we hypothesized that ⌬p53 functions in damaged S phase cells. The assumption was first investigated by analyzing the protein and mRNA level of Transcriptional Activity of ⌬p53 and p53 Is Activated and Inactivated Consecutively p21 in wtp53 CV-1 cells that were irradiated in G1, early S, and G2. Stabilization and S-15 phosphorylation of The observed cell cycle-specific p21 promoter binding of ⌬p53 and p53 suggests that both p53 forms exert both p53 proteins, accompanied by an increased level of p21, was observed 3 hr post-UV and 1 hr post-γ irratheir transcriptional activity independent from each other. Thus, p21 induction was monitored in Dox-induced, diation in G1, early S, and G2 ( Figures S3A and S3B , data not shown for γ). In order to investigate which p53 G1/S-irradiated wtp53 TO-CV-1 cells until 20 hr postirradiation (hpi). Western blot analysis revealed that in form is responsible for p21 induction, association of p53 and ⌬p53 with the p21 promoter was examined by the control cell line wtp53 TO-CV-1 null, where dominant-negative effects do not impair endogenous wtp53 ChIP-PCR. p21 promoter binding of p53 was detected in G1 and G2, but not in S, since p21 promoter DNA and wt⌬p53, the p21 level was increased between 2 and 16 hr hpi ( Figure 4A , top). In cells expressing Flagwas not obtained with anti-fl p53 antibody DO12 ( Figure  3A ). However, recovery of p21 promoter DNA from DO1 mut⌬p53, p21 was elevated between 8 and 16 hpi (Figure 4A , middle), whereas in cells expressing Flagand ICA9 precipitates points to ⌬p53-mediated p21 transactivation in S phase ( Figure 3A) . mutp53, p21 upregulation was observed between 2 and 10 hpi ( Figure 4A , bottom). Thus, during the first 10 hpi, In view of the fact that ⌬p53-specifc antibodies are not at hand to allow direct discrimination between p53 p21 induction is mediated by ⌬p53, whereas p53 is responsible for p21 upregulation starting 8 hpi. and ⌬p53, wtp53 CV-1 cells were chosen to establish an inducible cell system that expresses the appropriate The observation that p21 is initially transactivated by ⌬p53 and at a later time point by p53 was further invesFlag-tagged wt or mut⌬p53/p53 protein or empty vector (null) upon Dox addition. Inducible Flag-tagged protigated by performing ChIP-PCR at 3 and 9 hr post-G1/S irradiation. Crosslinked ⌬p53/p53-DNA complexes were tein expression in the respective wtp53 TO-CV-1 cell line was analyzed by Western blot ( Figure 3B ). Addiprecipitated with anti-p53 DO1, anti-fl p53 DO12, and anti-Flag M2 antibodies; anti-T-Ag antibody PAb101 tionally, inactivation of endogenous wtp53 or wt⌬p53, accomplished by complex formation with the correserved as negative control. Data show that in wtp53 TO-CV-1 null cells, p21 promoter DNA was associated sponding ectopically expressed Flag-tagged mutp53/ ⌬p53, allows studying the physiological impact of enonly with the DO1 precipitate 3 hpi, whereas 9 hpi p21 promoter DNA was also recovered from the DO12 predogenous wtp53 and wt⌬p53 individually in an isogenic cell system. Probing the anti-Flag precipitates with cipitate ( Figure 4B , left panels). Crosslinked ⌬p53/ ⌬p53 Attenuates S Phase Progression via Downregulation of Cyclin A-Cdk Activity Entry and progression through S phase requires the activities of cyclin E-and cyclin A-Cdk2, respectively, whereas cyclin A-Cdk1 is required for S/G2 transition and G2 progression (Baus et al., 2003) . Thus, subsequent to G1/S-UV irradiation the observed S phase attenuation was most likely caused by downregulation of those activities. In all cell lines tested, cyclin E-Cdk2 activity dropped immediately due to degradation of the kinase-activating phosphatase Cdc25A and was restored as soon as Cdc25A became stable again (Figures 6A , 6B, S6A, and S6B). Thus, the Cdc25A-mediated inhibition of cyclin E-Cdk2 activity is executed rapidly, independently of ⌬p53/p53, but delays S phase progression only for 2 hr. In mock-treated cells, the cyclin A-Cdk activity increased steadily after G1/S transition and declined 12 hr later, indicating that cells had progressed through S and G2 and were entering mitosis ( Figures 6C and S6C) . However, after irradiating wtp53 TO-CV-1 null and CV-1 cells, the Cdk activity was substantially downregulated for 8 hr, followed by a moderate but steady increase ( Figures 6C and S6C) . The finding is in agreement with the cells' proliferation profile showing that S phase progression is attenuated upon G1/S irradiation ( Figures  5D and S4A) . In irradiated, Flag-mut⌬p53-expressing hpi, the decrease in kinase activity was notably lower than in wtp53 TO-CV-1 null cells. Thus, results show that significant reduction in cyclin A-Cdk activity during pleted 8 hpi and cells progressed through G2 to enter mitosis 4 hr later ( Figures 5D, 5E, and S4A) . However, the first 8 hr correlates with functional wt⌬p53, whereas downregulation of this Cdk activity starting at 8 hpi cor-G1/S-irradiated wtp53 TO-CV-1 null and CV-1 cells entered G2 12 hpi, indicating that S phase progression relates with functional wtp53. Downregulation of cyclin A-Cdk activity can be faciliwas delayed significantly (Figures 5D and S4A) . Attenuated S phase was also observed in irradiated wtp53 tated by interaction with p21, thus formation of the protein complex was evaluated subsequent to G1/S-UV ir-CV-1-Flag-mutp53 cells, where endogenous wtp53 is inactivated ( Figure S4B ). In contrast, S phase proradiation. First, the association of cyclin A with Cdk2 and Cdk1 during S and G2 phase progression was gression was not delayed in Flag-mut⌬p53-expressing cells, but 10 hpi, those cells accumulated in G2 (Figure monitored in G1/S mock-treated wtp53 TO-CV-1 null cells. The level of cyclin A increased during S and G2 5D), indicating that the G2 checkpoint was activated. Normal cell cycle distribution was observed for all irraprogression (10 hr) and declined when cells entered mitosis (12 hr; Figure 6D , panel 1). Soon after cells diated cells 20 hpi, demonstrating that damaging the cells at the G1/S transition with 10 J/m 2 did not affect crossed G1/S, cyclin A was increasingly associated with Cdk2 during S and S/G2 (0-8 hr), whereas S/G2 their mitotic cell cycle permanently. Additionally, reduced S phase progression upon UV-irradiation was and G2 promoting Cdk1 associated with cyclin A shortly before the cells completed the replicative stage (6 hr; also seen in Dox-induced p53 null TO-H1299-wt⌬p53 cells, but not in uninduced or parental H1299 cells (FigFigure 6D, panel 1) . As expected, in mock-treated cells, 
cells by Western blot. (B) Effect of dominant-negative inactivation of endogenous ATR on Chk1 S-345 phosphorylation, stabilization, and S-15 phosphorylation of ⌬p53, p53, and p21 induction in Dox-induced, G1/S-UV-irradiated wtp53 TO-CV-1-Flag-ATR kd cells. (C) Effect of caffeine on stabilization, phosphorylation, and induction of proteins in G1/S-UV-irradiated wtp53 CV-1 cells as in (B). (D) FACS analysis of Dox-induced, G1/S-mock-or UV-irradiated wtp53 TO-CV-1 null cells that were harvested at the indicated time points and stained with propidium iodide to measure DNA content (y axis). (E) FACS analysis of Dox-induced wtp53 TO-CV-1-Flag-mut⌬p53 cells as in (D).
the kinase was not associated with p21 ( Figure 6D , plex formation of cyclin A with Cdk2 and Cdk1 ( Figure  6D , panel 3) was identical with the one observed in irrapanel 1). Thus, the formation of the cyclin A-Cdk2/1 complexes correlates with the activity of the cyclin diated wtp53 TO-CV-1 null cells ( Figure 6D, panel 2) . However, in those cells, cyclin A-Cdk-p21 complexes A-dependent kinases and reflects undisturbed S and G2 progression as confirmed by FACS ( Figure 5D ). Conwere not detected until 8 hpi due to abrogation of ⌬p53-dependent p21 induction ( Figure 6D, panel 3) . versely, in irradiated wtp53 TO-CV-1 null cells, complex formation of cyclin A with Cdk2 was extended until 16
The finding correlated with the observation that the kinase activity was not substantially reduced during the hpi, and interaction with G2-promoting factor Cdk1 was postponed for 2 hr ( Figure 6D, panel 2) , indicating that first 8 hpi ( Figure 6C ), resulting in steady S phase progression ( Figure 5E ). However, starting 8 hpi, cyclin entry into G2 was delayed. Western blot analysis of immunoprecipitated cyclin A-Cdk demonstrated associa-A-Cdk associated with wtp53-transactivated p21 until 16 hpi and correlated with the observed reduced kinase tion with p21 from 2-16 hpi ( Figure 6D, panel 2) and correlated with reduced kinase activity ( Figure 6C) . activity ( Figure 6C ). In contrast, in Flag-mutp53-expressing cells, p21 asIdentical results were obtained from irradiated wtp53 CV-1 cells (Figures S6C and S6D) . Concisely, p21-medisociated with cyclin A-Cdk until 8 hpi ( Figure 6D , panel 4), demonstrating that during the first 8 hpi induction of ated downregulation of cyclin A-Cdk activity attenuates S phase progression, delaying entry into G2 for at least p21 depends solely on ⌬p53. Consequently, downregulation of the Cdk activity was observed ( Figure 6C ), 4 hr as observed by FACS (Figures 5D and S4A) .
In irradiated Flag-mut⌬p53-expressing cells, commost likely cyclin A-Cdk2, since cyclin A-Cdk1 com- Figure S4B ). null cells, DNA replication was blocked for the first 2 Taken together, data imply that subsequent to irradiahr and incorporation of 3 H into DNA remained low for tion at the G1/S transition ⌬p53 reduces the activity of additional 4 hr ( Figures 7B, top, and S7B) . Six hours S phas-specific cyclin A-Cdk2 and thus is responsible after irradiation, the replication activity increased sudfor S phase attenuation, whereas p53 downregulates denly and ceased 6 hr later, indicating that the duration the activity of S/G2-and G2-specific cyclin A-Cdk1. of the replicative S phase, which is normally 8 hr, was However, p53-mediated reduction of cyclin A-Cdk1 acprolonged for 4 hr ( Figures 7B, top, and S7B ). In contivity is dispensable for S phase attenuation and thus trast, in irradiated Flag-mut⌬p53-expressing cells, 3 H not essential for the ATR-intra-S phase checkpoint. incorporation into DNA was only delayed for 2 hr and replication activity ceased 8 hr after the G1/S transition ( Figure 7B, middle) . Thus, the overall replication time ⌬p53 was prolonged from 8 hr to 12 hr ( Figure 7B, bottom) . S7A). Thus, in mock-treated cells, the ssDNA signal reflects DNA replication activity. In contrast, in irradiated Taken together, data show that ⌬p53/p53-independent downregulation of cyclin E-Cdk2 activity inhibits DNA wtp53 CV-1 and TO-CV-1 null cells, the median tail moments show that the ssDNA signal peaks at 1 and 8 hpi replication only for 2 hr. However, inhibition of DNA replication for additional 4 hr depends on ⌬p53-mediated ( Figures 7B, top, and S7B) . Data indicate that the first ssDNA signal is generated by repair activity, whereas reduction of cyclin A-Cdk activity via p21.
The observed delayed onset of rapid DNA replication the second one derives from replication priming events since the second ssDNA signal matches the kinetics of for 6 hr in wt⌬p53 cells suggested that the additional time might be used for repair. Therefore, DNA repair DNA synthesis ( Figures 7B, top, and S7B) . In irradiated wtp53 TO-CV-1-Flag-mut⌬p53 cells, the kinetics of the activity was examined by monitoring the decrease of relative amounts of DNA damage applying the alkaline ssDNA signal also shows two activity peaks ( Figure 7B , middle). However, the second ssDNA signal has its comet assay (Olive and Durand, 1992). The assay measures single-strand (ssDNA) DNA breakage that is genmaximum 10 hpi, occurs during G2 attenuation ( Figure  5E ), and does not match the kinetics of DNA replication. erated by nucleotide excision repair. Following mock or UV-irradiation at the G1/S transition, ssDNA breakage Thus, in cells devoid of functional ⌬p53, the first ssDNA signal derives from simultaneous DNA repair and repliwas assessed at the indicated time points. In mocktreated cells, the median tail moments demonstrate cation activities, whereas the second one reflects repair activity subsequent to activation of the G2 checkpoint. that the ssDNA signal, which derives mainly from the 40 nucleotide long RNA-DNA primers that are generFinally, irradiation of Flag-mutp53-expressing cells demonstrated that wtp53 is not required to promote uncouated by DNA polymerase α-primase during the initiation and elongation replication process, correlates with the pling of repair and replication events ( Figure 7B, bottom) . In summary, data suggest that the UV-induced ATRgraph obtained from 3 H incorporation (Figures 7A and intra-S phase checkpoint consists of two distinct comTherefore, a complex regulatory network, which still awaits clarification, must be involved in controlling the ponents that cooperate to uncouple repair and replication events. With the first one, the 2 hr initiation phase cell cycle-dependent transcriptional activity of p53 and ⌬p53. is ⌬p53/p53 independent and with the second one, the 4 hr maintenance phase depends on the transcriptional The UV-induced ATR signaling pathway causes transient delays in S phase progression and reversible activity of ⌬p53.
inhibition of DNA replication for several hours. However, the previously elucidated ATR-Chk1-Cdc25A-Discussion cyclin E-Cdk2 pathway inhibits replication only for a short time (Bartek et al., 2004) . Thus, this event could We identified a novel p53 isoform (⌬p53) at the mRNA not account for the 6 hr ongoing inhibition of DNA repliand protein level that is generated by alternative exon cation, indicating the existence of an additional pathsplicing. Due to alternative splicing, 66 residues exway. We show that the key player of this pathway, tending from 257 to 322 are missing in ⌬p53. However, which allows extended S phase attenuation and inhibi⌬p53 has the entire tetramerization domain, enabling tion of replication is ⌬p53; its transcriptional activity the protein to oligomerize with itself, but surprisingly leads to p21-mediated downregulation of cyclin A-Cdk2 not with p53. Despite the fact that ⌬p53 lacks 39 resiactivity, an activity that is required for S phase produes of the core domain that are within conserved regression and DNA synthesis (Hunter and Pines, 1994). gion V, ⌬p53 associates with and transactivates certain Therefore, at least two parallel branches of the intrap53-inducible promoters. Additionally, ⌬p53 also lacks S phase checkpoint cooperate to slow down S phase the entire hinge region, a short linker between the speprogression and to prevent origin firing, 
